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Introduction
Graphene is the first true 2-dimensional (2D) material, which consists of carbon atoms forming regular hexagonal lattice [1] . In the prior research, many outstanding properties of graphene were discovered, such as high electrical conductivity and carrier mobility [2] [3] [4] [5] [6] , high thermal conductivity [7] , and superior mechanical properties [8, 9] . Hence graphene can have many applications in electronic and mechanical devices. In particular, it has been applied in thermoelectric devices [10, 11] . The energy conversion efficiency of thermoelectric materials can be described by the figure of merit = 2 /( + ℎ ), where the , S and T are the electrical conductance, Seebeck coefficient and temperature, respectively. and ℎ are the heat transport coefficient of electrons and phonons. A good thermoelectric material should have a high electrical conductivity, Seebeck coefficient and low thermal conductivity. On one hand, the Dirac-cone band structure of graphene makes it to display a high electrical conductivity [5, 6] . On the other hand, the thermoelectric performance of graphene is poor because of its high thermal conductivity, and the closed bandgap which leads to a small Seebeck coefficient [12] . In fact, these properties cannot change independently because they correlate with each other [13] :
effective mass, carrier concentration and mobility, respectively. From the equation (1), the Seebeck coefficient is inversely proportional to the electrical conductance. As a result, the key to improve the ZT of graphene devices is find a trade-off between the Seebeck coefficient, electrical conductance and heat transport coefficient. In prior studies, the specially designed nanostructured graphene can have increased Seebeck coefficient and suppressed heat transport coefficient without greatly reducing electrical conductance due to the quantum confinement effect [10, 14, 15] . In these graphene devices, graphene nanoribbons (GNRs) has demonstrated better thermoelectric performances as the Seebeck coefficient and ZT value can be increased by the finite size effect [16] [17] [18] [19] . One of earlier attempts on the thermoelectric performance of GNRs was reported by Ouyang et al [19] . They found that a higher Seebeck coefficient in GNRs compared with the pristine graphene is attributed to the edge geometry of GNRs, which plays an important role in enhancing the thermoelectric performance. In 2012, Jin et al reported that the armchair GNR exhibits a higher ZT value than zigzag GNRs, and ZT value increases with the decrease of the GNRs width [16] . A chevron type edge GNR was proposed demonstrating a ZT value of 3.25 at 800 K [20] . Huang et al discovered that the thermal conductance in the bilayer GNRs is hundreds times weaker than the pristine graphene because the weak van der Waals (vdW) interaction between two layers [21] . In recent several years, in order to improve thermoelectric performance of GNRs, different schemes based on more sophisticated GNR nanostructures have been designed, such as using boundary effect [17, 22, 23] , interface effect [24] , doping [18, 25] , and structure defect or wrinkles [26] [27] [28] [29] .
Bilayer graphene structures with optimized twisting angles aiming to achieve much improved performances such as high temperature superconductivity and strong interlayer coupling have been theoretically and experimentally investigated recently [30] [31] [32] [33] . Because the bilayer graphene structure efficiently limits the thermal conductivity in the normal direction to the 2D plane attributed to the vdW force [21] , this will lead to a new approach to further increase the thermoelectric performance.
In this work, the electron transport and thermoelectric performance of twisted bilayer graphene nanoribbon junction (TBGNRJs) 21.8 o rotation angle at 300K.
Computational procedure
The theoretical simulation of the twisted bilayer graphene structures starts with the Generalized Lattice Match (GLM) method, which is for investigating the relationship between the mismatch strain and the number of atoms [34] . The optimization of twisting angles is conducted by using the balanced mismatch strain and number of atoms, it is targeted to have a lower mismatch strain and at the same time a smaller number of atoms. As shown in the Figure 1 , where A is the affine transformation matrix. The rotation matrix U has a form as [34] .
is the twisting angle of bilayers graphene, is the angle between the vectors u1 and u2, is the angle between the vectors v1 and v2, matrix P defines the 2D strain tensor for deforming one cell into the other. We only calculate the twisting angles from 0 o to 60 o because the crystal structure of graphene is a regular hexagon. In order to sustain the structural stability and avoid having a large size cell, we analyzed the twisting angles of 0 All the modelling and calculations have been implemented by the Quantum Atomistix ToolKit (ATK2018) simulation tools [36] . Calculations of the electronic properties have been performed within the framework of density functional theory (DFT). In the geometry optimization, we use the semi-empirical corrections by the Grimme DFT-D2 model to calculate the distance between two layers, which accounts the long-range vdW interaction [37] . The structure is fully relaxed until the force on each atom becomes smaller than 0.01 eV/Å. The generalized gradient approximation (GGA) with the parametrization of Perdew-Burke-Ernzerhof (PBE), mesh cut-off energy of 400 eV and 12×12×1 k-points grid were used. To avoid the interaction of the periodic boundary conditions, a large vacuum spacing of at least 25 Å is added along the normal direction to the electrons transport plane. The calculated rotation angle ( ), lattice constant (a), mean absolute strain ( ) and surface distance between two layers (d) are listed in Table 1 . For AA (0 o rotation angle) and AB (60 o rotation angle) stacking structures of bilayer graphene, the interface distance is 3.35Å, which is close to those of the same bilayer graphene structures in references [38, 39] . As shown in Figure 2 , the fat band structures and projected shells for four twisted bilayer graphene cells have been calculated along the path through G-M-K-G. The energy bands originated from the s, p and d orbitals are marked by red, blue and green lines, respectively. We obtained two Dirac cones around the Kpoint originated from p orbital because the band splitting occurs when two graphene layers interact. The splitting between the bands in the Dirac cones is responsible for low-dispersion bands near the M point [39, 40] . In our electron and phonon transport simulations, an overlapped TBGNRJ was built, which is divided into central part, left and right electrodes. The Brillouin zone of the junction is sampled by a 1×1×100 k-mesh and a double zeta polarized for all atoms. Based on these twisted bilayer graphene structures, overlapped TBGNRJs has been devised, followed by the investigation on electron transport and thermoelectric performance. Figure 3 shows the details of the device model, which is divided into central scattering region (SR), left electrode (LE) and right electrode (RE). Note the SR is composed of 5 unit cells along the transport direction because the ZT value is related to their junction length [21] , while LE and RE are chosen from repetition matches. 
Results and discussion
First, we investigate the I-V characteristics of these TBGNRs. The current across a TBGNR can be calculated from the Landauer-Buttiker equation [41] :
Where, ( ) = o TBGNRJ where the I-V curve exhibits transistor-like behavior. Similar results were shown in a prior publication [38] . At 21.8 o and 38.2 o rotation angles, the I-V and dI/dV curves (Figure 4(b) ) are asymmetric, which is due to the non-central symmetric structure in the twisted junctions. Under the 1 V bias voltage, the current intensity of 21 [42] [43] [44] . Figure 4 Thermoelectric properties of the TBGNRJs for the above twisting angles have also been simulated. Microscopically, the electron transport properties of the TBGNRJs can be described by the Boltzmann equation with the Fermi-Dirac distribution fFD(E,T). The electron conductance, Seebeck coefficient and heat transport coefficient of electrons are given by [45] :
Where, e and h are the electron charge and Planck's constant.
The heat transport coefficient of phonons is given by:
Where, fBE( ω ,T) and Tph( ω ) are the Bose-Einstein distribution function and phonon transmission coefficient.
As shown in Figure 5 , the electrical conductance, Seebeck coefficient, thermal conductance and ZT obtained in the TBGNRJs in the four twisting angles at 300 K are displayed. In the results, the chemical potential is a difference between the Fermi energy ( ) and the DFTpredicted Fermi energy ( ). The valleys and peaks of electrical conductance are shown in Figure 5 (a) because of different band structures and bandgaps of the monolayer and bilayer parts of the TBGNRJs [21] . In Figure 5(b) , the development of thermal conductance at four rotation angles have a similar trend with electrical conductance, which is similar to what is reported in the reference [16] . This result illustrates that the Seebeck coefficient is a key parameter to achieve high ZT value in the TGNRJs. In Figure 5 (c), the maximum of Seebeck coefficient in 21.8 o and 38.2 o rotation angles is about 0.75 mV/K, which is about 7.5 times higher than the pristine graphene (~0.1 mV/K) [5, 46] . Figure 6 shows the band structures of the four TBGNRJs cells along the Brillouin path through G-Z because the Seebeck coefficient is derived from the bandgap [47] . Bandgap opening is shown following the twisting of the bilayer graphene, which results in an increase of the Seebeck coefficient [48] . As shown in From Figure 5 , the peaks of ZT higher than 1 exist in 21.8 o and 38.2 o rotation angles. We shall compute the thermal conductance of electrons and phonons for these TBGNRJs. As shown in Figure 7 (a), the phonon contribution to the overall thermal conductance is much more than the electron contribution for ZT values of 2.7 and 2.0 in the 21.8 o TBGNRJs. However, at the ZT value of 6.1, the electron contribution to thermal conductance is comparable to that from the phonon. The maximum ZT value of 38.2 o TBGNRJs is 1.2, at which thermal conductance of electrons is slightly larger than that of phonons (Figure 7(c) ). Figure 7 (b) and (d) show that the thermal conductance of phonons increases with the rise of temperature. With all the electron and phonon transport properties calculated, we can evaluate the figure of merit of TBGNRJs. In Figure 5(d) , all the outlines of ZT are rather asymmetric, and each of them has some peaks around the 0 eV. So, we can enhance ZT by appropriate n-type or p-type doping in these TBGNRJs at 300 K. For the 21.8 o rotation angles, there are three peak values of ZT ~ 2.0, 2.7 and 6.1 at around -0.25 eV, 0.33 eV and 0.68 eV, which means n-type doping are more favorable than p-type doping to improve the thermoelectric performance in the 21.8 o TBGNRJs. In the 38.2 o TBGNRJs, the maximum ZT value is 1.2 at 0.33 eV, which can be obtained by n-type doping. All these results suggest that 21.8 o TBGNRJs can obtain a significant improvement in thermoelectric performance at 300 K. 
Conclusion
We have investigated the electron transport and thermoelectric performance of TBGNRJ is due to its wider bandgap, which results in a much higher Seebeck coefficient. Moreover, the phonon contribution to thermal conductance is much more than that of electrons in ZT values of 2.0 and 2.7 in the 21.8 o TBGNRJs. At the ZT value of 6.1, the electron contribution to thermal conductance is comparable to that of phonons. The outstanding ZT values of TBGNRJs make it a promising device structure for thermoelectric applications.
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